and clozapine-N-oxide (NOX) were assayed in rat serum and brain tissue after intraperitoneal injection of CLZ. Clozapine levels rose with dose, averaging 28 ng/ml (87 nmollL) serum per milligram/kilogram dose. Brain-and serum-CLZ levels correlated closely, averaging 24-fold higher in brain. Norclozapine and NOX averaged approximately 58% and 13% of CLZ in serum, respectively, whereas in brain, NOR was detected only at KEY WORDS: Clozapine; Clozapine-N-oxide; Drug assay; F1uoxetine; Liquid chromatography; Norclozapine; Photodiode-array; Spectrophotometry; Valproic acid Despite its invention in 1960 and its clinicdl use for more than two decades, information on the disposi tion and metabolism of the atypical antipsychotic drug clozapine (CLZ) remains limited, and guidelines for cli nical application and interpretation of plasma as says of CLZ or its metabolites are not well established (Baldessarini and Frankenburg 1991) . Several clinical studies of circulating concentrations of CLZ and its prominent metabolites norclozapine (NOR) and cloz apine-N-oxide (NOX) using contemporary analytical methods have been reported and were reviewed re cently by Volpicelli and colleagues (1993 doses greater than or equal to 10 mg/kg (approximately 5.6% of CLZ) and NOX was undetectable. Levels peaked within 30 minutes, and elimination of CLZ from brain and CLZ or NOR from blood was very rapid (half-life = 1.5 to 1.6 hours). A week of daily dosing with CLZ led to no accumulation of drug in brain; a week of fiuoxetine pretreatment increased analyte concentrations (serum, 86%; brain, 61%), but valproate had little effect. [Neuropsychopharmacology 9:117-124, 1993] dicate that serum concentrations of CLZ have ranged from 60 to 600 ng/ml at about 12 hours after daily clini cal doses of CLZ of 100 to 500 mg. Circulating levels of the metabolite NOR in man often approach those of CLZ itself (averaging approximately 75% to 90%, but ranging widely (from approximately 10% to over 100%), whereas concentrations of NOX have been consistently lower (typically, 10% to 35% of CLZ). There are recent indications that CLZ may interact with other agents in man, with decreases in circulating concentrations associated with smoking (Haring et al. 1990 ) and treatment with phenytoin , and increases associated with cimetidine (Szy manski et al. 1991) and fluoxetine (Centorrino et al. 1993b) , whereas valproate appears to have lesser effects (Centorrino et al. 1993b) . Clozapine levels also rise predictably with dose (Kane et al. 1981; Haring et al. 1990; Centorrino et al. 1933a) and with age (Haring et al. 1990 ) and tend to be slightly higher in women, even on a dose-and-weight-corrected basis to account for typically higher milligram/kilogram doses in men (Haring et al. 1990; Centorrino et al. 1993a ).
Despite its invention in 1960 and its clinicdl use for more than two decades, information on the disposi tion and metabolism of the atypical antipsychotic drug clozapine (CLZ) remains limited, and guidelines for cli nical application and interpretation of plasma as says of CLZ or its metabolites are not well established (Baldessarini and Frankenburg 1991) . Several clinical studies of circulating concentrations of CLZ and its prominent metabolites norclozapine (NOR) and cloz apine-N-oxide (NOX) using contemporary analytical methods have been reported and were reviewed re cently by Volpicelli and colleagues (1993) . Reports in-doses greater than or equal to 10 mg/kg (approximately 5.6% of CLZ) and NOX was undetectable. Levels peaked within 30 minutes, and elimination of CLZ from brain and CLZ or NOR from blood was very rapid (half-life = 1.5 to 1.6 hours). A week of daily dosing with CLZ led to no accumulation of drug in brain; a week of fiuoxetine pretreatment increased analyte concentrations (serum, 86%; brain, 61%), but valproate had little effect. [Neuropsychopharmacology 9:117-124, 1993] dicate that serum concentrations of CLZ have ranged from 60 to 600 ng/ml at about 12 hours after daily clini cal doses of CLZ of 100 to 500 mg. Circulating levels of the metabolite NOR in man often approach those of CLZ itself (averaging approximately 75% to 90%, but ranging widely (from approximately 10% to over 100%), whereas concentrations of NOX have been consistently lower (typically, 10% to 35% of CLZ).
Elimination half-life (biz!!}]) of CLZ from human plasma has been reported to average approximately 8 to 12 hours (Baldessarini and Frankenburg 1991) .
There are recent indications that CLZ may interact with other agents in man, with decreases in circulating concentrations associated with smoking (Haring et al. 1990 ) and treatment with phenytoin , and increases associated with cimetidine (Szy manski et al. 1991 ) and fluoxetine (Centorrino et al. 1993b) , whereas valproate appears to have lesser effects (Centorrino et al. 1993b) . Clozapine levels also rise predictably with dose (Kane et al. 1981; Haring et al. 1990; Centorrino et al. 1933a ) and with age (Haring et al. 1990 ) and tend to be slightly higher in women, even on a dose-and-weight-corrected basis to account for typically higher milligram/kilogram doses in men (Haring et al. 1990; Centorrino et al. 1993a ).
Typical plasma concentrations associated with clinical responses are approximately 200 to 400 ng/ml or 50 to 100 ng/ml per milligram/kilogram dose (Choc et a1. 1990; Baldessarini and Frankenburg 1991; Cen torrino et a1. 1993a ). There are preliminary indications that plasma concentrations of CLZ above 350 ng/ml may increase the likelihood of a favorable clinical re sponse (Perry et a1. 1991 ). Levels substantially above 1,000 ng/ml may increase the risk of central or systemic toxicity (Szymanski et a1. 1991) , including seizures (Simpson and Cooper 1978) . Taken together, these fIndings suggest that assays of circulating levels of CLZ or its metabolites may have some clinical utility in guiding dose selection or limiting toxic risks.
In contrast, by extensive computer-assisted searches of the international literature, we could fInd very few studies of CLZ or its metabolites and their disposition in the brain or blood in laboratory animals. The few studies of rat either used analytical methods that did not separate CLZ and its metabolites (Gauch and Michaelis 1970; Gardiner et a1. 1978) or evaluated a limited range of pharmacologically relevant condi tions (Wilk and Stanley 1978) . Because little is known about the pharmacokinetics (or the biological activity) of the prominent metabolites of CLZ, particularly in laboratory animals, we applied recently improved as say methods to study systematically the disposition of CLZ and its metabolites NOR and NOX in rat. The as says used for CLZ, NOR, and NOX (Volpicelli et a1. 1993) are among the most sensitive and selective methods now available, with high recoveries and sen sitivity of 3 to 4 ng/ml (9 to 12 pmol/ml) that are similar to limits of detection found with mass spectrometric methods (Bondesson and Lindstrom 1988) .
METHODS
Animal Subjects were adult, male Sprague-Dawley rats weighing between 250 and 300 g (Charles River Labs., Wilmington, MA), adapted to the laboratory environment for at least a week prior to use and housed 4 per cage in a temperature-and humidity controlled environment under a 12-hour lighting cycle (07:00 to 19:00), as described elsewhere Fig. 1 ) by highly selective, reversed phase liquid chromatographic separation, with se nsi tive detection at either 254 nm or by photodiode-array multiwavelength (210 to 340 nm) ultraviolet spec trophotometry (Volpicelli et al. 1993) . When appropri ate, spectra of peaks in samples were compared by computer to those of authentic standards as well as a large number of other agents to minimize the risk of interference by other drugs, including fluoxetine.
The methods to determine concentrations of ell and its metabolites NOR and NOX in rat serum were virtually identical to those detailed earlier for human serum samples, using 600 /.11 of serum extracted into ethyl acetate and back into 0.1 N HCl to provide 50 �I aliquots for assay (Centorrino et a1. 1993; Volpicel liet a1. 1993) . Recovery of CLZ and NOR (at 400 ng/ml) and of NOX (100 ng/ml) from control serum averaged 76%, 80%, and 67% (n = 5 samples), respectively, and the interassay coeffIcient of variation (CV = SO/mean) for independent assays (n = 16 samples) averaged 2.0%, 2.5%, and 2.2%, respectively.
To determine rat brain tissue levels of CLZ and its derivatives, a weighed portion of tissue (approxi· mately 30 mg of striatum or cerebral cortex) was sus· pended in 1.0 ml of 0.5 M citric acid, sonicated on ice for 5 minutes, and then centrifuged at 10,000 g for 15 minutes. The supernatant citric acid extract was kept frozen at -70°C until assayed (within 2 weeks) by the same methods used for serum samples, with slight modifIcations. These included the use of 0.5 M ci tric acid (instead of drug-free serum) as the vehicle for all assay standards and controls, with 300 /. Dose (mg/kg) ng/ml ) and of NOX (50 ng/ml) was 94%, 96%, and 100%, respectively, while recovery of an internal stan dard (triprolidine; Sigma Chemicals, St. Louis, MO) was 90% (all n = 5). Interrun precision (CV) for in dependently replicated assays of the same samples at these analyte concentrations was 3.2%, 4.2%, and 6.8%, respectively; precision (CV) for CLZ and NOR (at 400 ng/ml) and of NOX (at 100 ng/ml) was similar at 3.8%, 3.6%, and 5.3%, respectively (all n = 21). Limits of detection of the three drug analytes were 3 ng to 4 ng per milliliter of serum or approximately 4 ng/g to 7 ng/ g brain tissue, and about 560 pg (1.7 pmol) per injected sample. Data (presented as means ± SEM unless stated otherwise) were analyzed by one-way analysis of vari ance ANOV A of individual values to establish a significant (p < .05) overall effect of treatment condi tion on analyte concentration and then by post-hoc Scheffe tests or Mann-Whitney nonparametric U-tests for ratio data, with signiflcance (p < .05) based on two tailed critical values. Tissue half-life (with its SE and 95% con&dence interval [95% CI)) was estimated as tv, = In 2/ -k, with the rate constant (k) computed as slope obtained by regressing In (loge) tissue CLZ con centration versus time after attaining peak tissue con centration, as reported previously ).
Correlations were tested by linear regression (to ob tain coefficient, r, as well as slope ± SE, with 95% CI) or the nonparametric Spearman rank method (for rs).
Computations used the Statview program for the MacIntosh microcomputer (Abacus Concepts, Inc., Berkeley, CA).
RESULTS
Concentrations of CLZ and its major metabolites, NOR and NOX and total analyte levels in rat serum
A. Serum B. Brain concentrations of CLZ and its metabolites, NOR and NOX in rat serum (A, in ng/ml) and brain corpus stri atum (8, in ng/g) at times from 5 minutes to 12 hours after an acute dose of CLZ (10 mg/kg IP). NOX was not detected in brain at any time, and levels of CLZ and NOR were undetectable in blood or brain after any dose at 24 hours to 72 hours (not shown). Time After Clozapine Injection (min) 3) in serum (10 minutes) and somewhat later (30 minutes) in brain, as were NOR levels (30 minutes) in serum and brain. Clozapine levels in serum, across all doses and times to 1 hour (n = 9 conditions), averaged 28.4 ± 2.8 ng/ml (86.8 ± 8.7 nM) per mg/kg dose. The ratio of NOR to CLZ in serum ranged from very low or trace values of NOR at a low dose of CLZ (1 mg/kg) or at late times (� 1 hour) to 17.1% 1 hour after 3 mg/kg and higher values averaging 52.2 ± 5.57% up to 1 hour after a dose of 10 mg/kg, with fur ther increases to an average of 75.9% at doses greater than or equal to 20 mg/kg. Similar dose-dependent in creases in the ratio of NOX to CLZ at 1 hour after dos ing were also found in serum, ranging from undetect able or trace levels at less than 10 mg/kg to 9.2 ± 1.4% after 10 mg/kg, 10.5% after 20 mg/kg, 18.7% after 30 mg/kg, and 28.7% after 60 mg/kg doses of CLZ. In brain tissue (striatum), NOR was not detectable after doses of CLZ less than 10 mg/kg or times greater than 60 minutes and was found only in minor concentra tions (averaging 1.34 ± 0.15% of CLZ levels) less than or equal to 1 hour after higher doses (10 mg/kg to 60 mg/kg), whereas NOX was not detectable in brain at any time or dose (Figs. 2 and 3) . The signifIcantly dose dependent nature of the ratios of NOR and NOX to of CLZ averaged 24.3 times higher than the corresponding serum drug level; however, the relationship may not be lin· ear because brain CLZ levels less than or equal to 5 Itg/g aver· aged only 7.2 times higher than in serum, whereas the brain:blood ratio for brain CLZ levels greater than 5 Itg/g (29.
2) was much higher.
their precursor CLZ is summarized in Fig. 4 , with statistical analyses based on ratios for assays of serum samples for individual rats. CLZ levels from all individual subjects shown in Figs. 2 and 3 yielded a close linear correlation (Fig.S ) between brain and serum (r = 0.943, P < .(001) that is sustained by nonparametric correlation (rs = 0.922, P < .0001). Inclusions of all points indicates that brain concentration of CLZ averaged 24.3 times (as slope; 95% CI = 22.6 to 25.9) higher than the corresponding serum drug level. However, the relationship may not be linear because brain CLZ levels less than or equal to 5llg/g averaged only 7.2 times higher than in serum (95% CI = 5.56 to 8.82), whereas the brain:blood ratio for CLZ levels greater than 5 Ilg/g was 3.64 times higher, at 29.2 (95% CI = 25.1 to 33.3, P < .001).
Elimination of CLZ was similarly rapid from brain and blood. Computed elimination half-life (t'h[�I' based on data shown in Fig. 3 through the latest times following peak levels that provided reliably detectable tissue drug concentrations (out to 12 h), was 1.64 hours in serum and 1.51 hours in brain (striatum).
Elimination of NOR from serum also was rapid (b;'[P l = 1.57 hours (Table 1) . Similarly evaluated early (appar· ent distribution phase) kinetics showed indistinguish· able, short half-life values for CLZ from serum and Repeated daily treatment (n � 12 rats per condi tion) with CLZ (10 mg/kg twice daily) for 7 days (sam pled at 4 hours after the final morning dose of 10 mg/kg) led to cerebral cortical levels of CLZ + NOR averaging 1,057 ± 270 ng/g, while a single acute dose (10 mg/kg) yielded a value of 1,037 ± 157 ng/g at 4 hours, representing an insignificant difference of less than 2%. This observation indicates a lack of signifi cant ce rebral accumulation of CLZ or its metabolites in rat brain tissue under the conditions tested.
Pretreatment with the antidepressant fluoxetine (10 mg/kg/day for 7 days) led to significant increases in serum concentrations of CLZ, NOR, NOX, and their total (Fig. 6) , by 86.4%, 74.9%, 146.4%, and &5.2%, respectively, following a challenge dose of CLZ
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(1 hour after 20 mg/kg) on day 8. Brain levels also tended to be higher (total drug analytes [CLZ + NOR] in striatum raised by 61.4%) and NOX remained un detectable. Similar daily pretreatment with the anti manic-anticonvulsant valproic acid (20 mg/kg) led to smaller, statistically nonsignificant changes in tissue levels of CLZ and its metabolites (serum and striatal total analyte concentrations decreased by 35.3% and 53.9%, respectively). After fluoxetine, there was no significant effect on the serum NOR:CLZ ratio (0.709 ± 0.055) compared to vehicle-pretreated controls (0.580 ± 0.153), but pretreatment with valproate, un accountably, raised the value (by 3.72-fold, to 2.16 ± 0.65) significantly (U' = 48.0, P = .003). (Vehicle con trols in this experiment were included with the dose data in Fig. 2 as an independent confirmatory con dition.)
DISCUSSION
Some of the observations arising from the present in vestigation could be anticipated from findings in early studies of laboratory animals. A particularly notewor thy early report included studies of metabolism and distribution of radiolabeled 3H-CLZ in mouse, dog, and human subjects (Gauch and Michaelis 1970) . In that report, radioactive material derived from tritiated CLZ (not separated or otherwise identified as CLZ or its metabolites) was found in approximately fivefold
Figure 6. Effects of repeated pre treatment with fluoxetine or valpro ate on serum (A) and brain (B) concen trations of CLZ and its metabolites. Data are mean ± SEM concentrations of CLZ (striped bars), its metabolites NOR (light bars) and NOX (white bars), an d the total of all of these ana lytes (black bars) for n = 7 rats per condition. Rats were treated with fluoxetine (10 mg/kg), valproate (20 mg/kg), or control vehicle, daily for 7 days. Analysis of variance for overall effects of pretreatments on each ana lyte (as F[2,18]) were as follows: Se rum: all analytes (F = 12.2, P = .0004), CLZ (F = 15.5, P < .0001), NOR (F = 5.17, P = .017), NOX (F = 9.79, P = .0013). Brain: all analytes (F = 8.48, P = .0025), CLZ (F = 9.00, P = .(02), NOR (F = 2.57, P = .10), NOX (not detected). Post-hoc significant differ ences (p < .05; asterisks) from vehicle pretreated controls were found only for fluoxetine in serum (with similar trends in brain). higher concentrations in mouse brain than in serum (at 1 and 8 hours after a total dose of 50 mg/kg, PO). Levels remained detectable in those compartments at 1 hour and 8 hours, but not at 24 hours. Levels in mouse fat, lung, kidney, liver, and bile were greater than or equal to 10 times higher than in brain and could be detected at 24 hours. Also in mouse, radioac tive drug disappeared very rapidly after intravenous administration and could not be detected for more than 4 hours after a total dose of 3H-CLZ of 10 mg/kg, with a half-life possibly as short as 1 hour. In dog, a compound identified as 3H-NOX was found as the main circulating metabolite of 3H-CLZ, representing approximately 30% of CLZ concentrations (which were approximately 5 Jlg/ml at 1 hour after a total oral dose of 50 mg/kg), whereas the 3H-NOR metabolite was detected only in trace amounts in that species. For human subjects, information on serum concentrations of CLZ was not provided, but urine and feces were found to contain material identified semiquantitatively by solvent extraction, thin-layer chromatographic separation, and colorimetric detection as including NOR and NOX as well as CLZ. Taken together, this early work strongly sug gested significant species differences in the metabo lism of CLZ, in that mouse produced relatively large amounts of NOR, whereas dog tended to oxidize CLZ to NOX very efficiently, and man appeared to produce both NOR and NOX. Also, the rodent species showed substantial accumulation of drug material in brain over blood, with suggestions of a short half-life from both tissues -all in accord with findings in rat in the present study using contemporary analytical methods.
A later study in the rat (Gardiner et al. 1978 ) ap plied a quantitative fluorimetric detection procedure, following extraction into toluene isoamylol from alka line borate-buffered aqueous tissue homogenates, and back extraction into O.lN HCl. Clozapine, NOR, and NOX also were identified qualitatively by separation on silica gel thin-layer chromatographic sheets and vi sualization with ultraviolet light. After a 20-mg/kg IP dose of CLZ, the brain: blood concentration ratio of "CLZ-like" material was 16.0:1.3 (12-fold) and 4.6:1.1 Jlg/g (4.2-fold) at 1 hour and 6 hours-again, generally consistent with our present findings with improved assay methods. Even higher concentrations of drug material (4.0 times higher than in brain at 1 hour and l1.3-fold higher at 6 hours) were found in rat lung tis sue (Gardiner et al. 1978) . The possible pharmacologic significance of this and other relatively highly ac cumulating and slowly cleared pools (found also in liver, bile, fat, and kidney by Gauch and Michaelis [1970] in mouse) is not clear. Specifically, evidence of late reentry of CLZ into systemic circulation was not found in our time-course results (Fig. 3) and possible enterohepatic recycling of CLZ in man evidently has not been reported. NEUROPSYCHOPHARMACOLOGY 1993-VOL. 9, NO.2 Wilk and Stanley (1978) also studied rat, using a gas chromatographic separation and electron capture detection to assay CLZ in brain tissue. They found that drug concentrations in corpus striatum and olfactory tubercle in this species rose in response to doses be tween 10 mg/kg and 60 mg/kg, IP (r = 0.982) to similar concentrations in both brains region (r = 0.969; mean ratio of CLZ in olfactory tubercle:striatum = 1.10). Moreover, these levels did not increase at 1 hour after 12 days of repeated daily treatment at 20 mg/kg or 40 mg/kg IP, compared to levels following a single ad ministration (within ± 9.2%). The concentration of CLZ in rat striatum averaged 36.5 nmollg (11.9 Jlg/g vs. 13.8 in the present experiments) at 1 hour after a dose of 20 mg/kg IP. For striatal tissue at matched doses between 10 mg/kg and 60 mg/kg in both studies, levels of CLZ were in very close accord (r = 0.985, slope = 0.972). These values thus compare well under similar conditions in both studies and also support the conclusion that CLZ does not accumulate in rat brain following repeated once daily treatment.
The concentrations of CLZ metabolites NOR and NOX found in the present study also can be compared to results of serum assays in clinical samples. In our recent clinical studies (Centorrino et al. 1993a (Centorrino et al. , 1993b Volpicelli et al. 1993) , serum concentrations of CU averaged 235 ng/ml (0.719 nmollml, or JlM) at approxi mately 16 hours after repeated daily doses averaging 300 mg (4.3 mg/kg) or about 54.7 mg/ml (167 nM) per mg/kg dose. Concentrations of NOR averaged 206 ng/ml, and NOX averaged 54 ng/ml, so that CU: NOR:NOX were found in the proportion 100:88:23. Another clinical report using powerful gas chromato graphic-mass spectrometric assay methods found a similar ratio of 94% for NOR:CLZ in human plasma (Bondesson and Lindstrom 1988) . These results com· pare with concentration ratios for CLZ:NOR:NOX in rat serum of 100:58:13 (using averaged data [n = 9 con· ditions] for all doses of 10 mg/kg to 60 mg/kg and times up to 1 hour). The relationship of levels of NOR and NOX to dose of CLZ (Fig. 4) is consistent with their production by a saturable, and presumably enzy· matic, process.
Comparison of the pharmacokinetics of CLZ and its major metabolites between human subjects and laboratory animals have been very limited. Times to peak plasma concentrations of CLZ in man have ranged from 30 minutes to 4 hours, and values for plasma elimination half-life of acutely administered CLZ have been reported to average about 8 hours to 12 hours (range, 6 hours to 33 hours; Baldessarini and Frankenburg 1991) . However, its elimination half-life may increase somewhat after repeated daily dosing with CLZ, reportedly, from 8 hours to 14 hours (Choc et al. 1990) . A positron-emission tomographic (PET) study in rhesus monkey using llC-CLZ as a radio ligand found evidence of minor regional differences in drug concentrations in brain, and a similar elimination half-life from blood and brain, estimated at 4 hours to Shours (Hartvig et al. 1986 ). The present findings indi cate that elimination rates for CLZ are similar in rat brain and serum (1.5 and 1.6 hours; Table 1) as they were from mouse blood and brain compartments (vir tually completely eliminated within 4 hours of IV ad ministration; Gauch and Michaelis 1970) . These rates of elimination in rodents are considerably shorter than from human serum (approximately 8 hours; Choc et al. 1990) or in the nonhuman primate study just cited (approximately 4.5 hours). Values reported here (tv,[l}j; Table 1 ) may underestimate "near-terminal" half-life (with late, low concentrations of drug), even with a relatively sensitive assay and good tissue recov ery, although similar limitations due to assay sensitiv ity probably apply to other available estimates in animals and man. The evident lack of accumulation of CLZ (Wilk and Stanley 1978) or its metabolites (pres ent findings) following a week or more of repeated daily administration of a large dose of CLZ is consis tent with the relatively short elimination half-life ob served for CLZ and its metabolites (Table 1) .
One practical implication of the finding of very rapid elimination of CLZ and its metabolites from se rum and brain in rodents is that studies using these species as pharmacologic models may fail to provide sustained, subtoxic, tissue levels of CLZ and its meta bolic by-products unless the drug is given by repeated daily dosing, administration in drinking water, or by infusion.
A striking observation in the present study was that concentrations of CLZ in rat brain were much hi gher than in serum. Presumably, these results with corpus striatum represent events in other regions, based on evidence already cited that suggests limited differences in the distribution of CLZ between brain regions in rat (Wilk and Stanley 1978) or monkey (Hartvig et al. 1986 ). Previous studies of the brain: blood distribution of other antipsychotic agents in the rat have reported marked differences between specific agents . Examples range from a relatively low brain:blood concentration ratio for thioridazine (1.4) or chlorpromazine (11.5) to higher val ues for haloperidol (22) and fluphenazine (31), but also for norchlorpromazine (23) and promazine (62.5). This ratio must reflect complex, and still largely unpre dictable, relationships among free plasma concentra tions of drug, lipophilicity and ability to penetrate the blood-brain barrier, affinity to cerebral components including lipid and membrane fractions, and rate of further local and systemic metabolic conversion and eli mination. The tendency of the brain:blood ratio of CLZ to rise with dose, as we found (see analysis of Fig. 5: Results), also is not readily explained, but may sug gest some sequestration of drug in brain tissue to limit its systemic metabolism and clearance.
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Finally, other present findings concerning interac tions between CLZ and pretreatments with fluoxetine or valproate show some parallels to recent clinical ob servations on such drug-drug interactions (Callahan et al. 1993) , as well as some apparent differences. Fluoxetine markedly increased serum (and tended to increase brain) concentrations of CLZ and its metabo lites and their sum in the rat, as we also found in serum of similarly treated patients (Centorrino et al. 1993b ). This observation is consistent with other evidence suggesting that this agent can interfere with the oxida tive metabolism and increase circulating concentra tions of several psychotropic and other agents includ ing tricyclic antidepressants (Ciraulo and Shader 1990; Callahan et al. 1993 ) and, to a lesser extent, haloperi dol (Goff et al. 1991; Goff and Baldessarini 1993) . Re cent clinical case reports indicate that cotreatment with phenytoin was associated with decreased serum concentrations of CLZ and loss of clinical benefit (Miller 1991) . After a week of pretreatment of rats with phenytoin (10 mg/kg/day; pilot data not shown), we found trends toward small decreases in levels of CLZ (by 24.8% and 26.6% in serum and brain), increased NOR in serum (2. 12-fold), and a significant increase in the NOR:CLZ ratio (3.34-fold, p < .05), suggesting more efficient N-dealkylation of CLZ. Pretreatment of rats with valproate ( Fig. 6) led to a somewhat greater reduction of CLZ concentration (by 58.5% and 54.4% in serum and brain), with little change in NOR (5.8% lower than control in serum), but an elevation of the NOR:CLZ ratio (by 3.68-fold, P < .003). This observa tion suggests that valproate may have an oxidase inducing action in the rat similar to that known to be associated with treatment by phenytoin and several other anticonvulsants (Williams 1989; Callahan et al. 1993 ). This effect of valproate was not expected be cause, in human subjects given this combination of agents, we recently found moderate increases in se rum levels of CLZ (by 39%) and a slight decrease of NOR (23%), with a significant decrease (by 46%) in their ratio; however, these effects were at least partI y dose dependent and virtually disappeared when lev els of CLZ plus its metabolites were corrected as the ratio to milligram per kilogram daily dose of clozapine (Centorrino et al. 1993b) . To some extent, higher doses of CLZ may be associated with clinical use of valproate to avoid the reportedly dose-dependent risk of sei zures associated with CLZ (Baldessarini and Franken burg 1991; Oevinsky et al. 1991) . Other work also sug gests that although val pro ate can interact with the disposition of some agents in man, it tends to do so less than most other anticonvulsants and (opposite to agents such as phenytoin) typically tends to induce minor elevations of their concentrations (Bourgeois 1988) .
Overall, we conclude that (1) the laboratory rat can be employed usefully to model many aspects of the distribution, metabolism and elimination of CLZ: (2) it is likely, albeit from still limited comparative re search, that species differences occur in the metabo lism and elimination of CLZ and in interactions of other agents with CLZ; (3) there is a close correlation between brain and circulating concentrations of CLZ, with little NOR or NOX in brain, and these findings may be relevant to the interpretation of clinical assays of circulating CLZ; (4) elimination of this agent and its prominent metabolite NOR in rat brain is sufficiently rapid as to require repeated daily dosing or continuous infusion to sustain tissue concentrations of drug in the rat.
